Introduction
Even textbooks can be confusing when it comes to preexercise meals. Advice ranges from 'ingest carbohydrate in the hour before' to 'avoid carbohydrate in the hour before exercise'. Early studies have outlined the metabolic effects of pre-exercise carbohydrate feeding. These include hyperinsulinaemia and hyperglycaemia before exercise followed by a rapid development of hypoglycaemia, high rates of glycogenolysis and a reduction of lipolysis and fat oxidation during exercise. Although these metabolic perturbations can in theory reduce exercise performance, the results of studies have been varied. This review will discuss the development of knowledge in this area from a historical perspective; it will discuss the evidence with regard to the metabolic effects as well as performance effects of preexercise glucose ingestion. It will also discuss the potential need for individualization and it will end with recommendations based on the currently available evidence.
Historical View
The first paper to describe the effects of pre-exercise glucose ingestion was probably a paper by Ove Boje in 1940 [1] . In this paper, it was observed that when glucose was ingested before exercise, blood glucose concentrations dropped during exercise. It was not until the 1970s that this observation was followed up. At that time the importance of muscle and liver glycogen during prolonged exercise was generally recognized. It was thought that providing additional substrate either before or during exercise should improve exercise performance. Ahlborg and Felig [2] used arteriovenous balance techniques during low-intensity exercise to study the effects of preexercise glucose feeding. Their subjects received a large amount of carbohydrate (200 g) 50 min before embarking on 4 h of exercise at 30% VO 2 max. Several important observations were made. First, arterial glucose and insulin concentrations were high at the start of exercise. Secondly glucose uptake by the exercising legs was 40-100% greater when glucose had been ingested before exercise. Thirdly glycerol concentrations were lower suggesting a suppression of lipolysis and fat metabolism. Similar observations were made by Costill et al. [3] . They observed that ingesting glucose in the 30-45 min before exercise accelerated glycogen breakdown and induced hypoglycaemia during exercise [3] .
The performance effects of pre-exercise carbohydrate feeding were first studied by Foster et al. [4] . They reported reduced endurance capacity (cycling at 80% VO 2 max to exhaustion) during the glucose trial compared with water. This paper became the basis of a recommendation that would stand for many years, namely: 'avoid carbohydrate in the hour before exercise'. A couple of years later, Koivisto et al. [5] published a paper that would become much cited. This paper reinforced the message that carbohydrate was to be avoided in the hour before exercise. In this publication, it was concluded that glucose ingested 45 min before exercise resulted in hyperglycaemia and hyperinsulinaemia at the onset of exercise, followed by a rapid development of hypoglycaemia during exercise. It was suggested that these effects could be prevented by using a low glycaemic index (GI) carbohydrate (fructose). In the years to follow, much attention was paid to this phenomenon that became known as reactive hypoglycaemia or rebound hypoglycaemia. It was generally assumed that carbohydrate ingestion prior to exercise would cause hypoglycaemia, suppress fat metabolism, accelerate glycogen breakdown and thus reduce exercise performance.
Research in the Last 30 Years
Since these early studies in the 1970s and early 1980s, large numbers of studies have investigated the effects of pre-exercise carbohydrate feeding on metabolism and performance [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Despite this wealth of information, it is not easy to draw firm conclusions about the effects on metabolism and in particular, the development of hypoglycaemia. The results of all these studies are rather mixed, most likely the results of studies using different types of carbohydrates, different modes of exercise, different intensities of exercise, different subjects (some trained, some untrained) and different timing of carbohydrate intake. Since all of these factors may affect the outcome, this makes it very difficult to compare the results and determine the exact causality of the different effects.
To clarify these results, we performed a systematic series of studies to investigate the effects of pre-exercise carbohydrate feeding [10, 12, [17] [18] [19] . All studies had a similar design and only 1 variable was changed at a time (e.g. timing of intake or type of carbohydrate). Each study had a control condition where 75 g of glucose was ingested 45 min prior to exercise. The exercise consisted of 20 min of steady-state exercise at 70% VO 2 max followed by a performance test (a time trial lasting approximately 40 min). All subjects were trained and hence representative of the main population that the advice would be aimed at. The overall conclusion of these studies was that there is no effect of pre-exercise carbohydrate feeding on performance, even though in some cases hypoglycaemia did develop. Furthermore, there was no relationship between low blood glucose concentrations and performance.
Below we will briefly discuss the metabolic events that are responsible for rebound hypoglycaemia, followed by a discussion of the effects of different amounts of carbohydrate as well as the effects of timing of intake, the type of carbohydrate and the form in which it is ingested.
Rates of Glucose Appearance versus Glucose Disappearance
When carbohydrate is ingested, an insulin response is triggered almost instantly. It has been shown that even an artificial sweetener can result in an insulin response indicating that the carbohydrate ingested is sensed well before the arterial blood glucose concentration rises. Once the carbohydrate is absorbed, insulin is released at an increased rate from the pancreas. Interestingly, the ingested carbohydrate will blunt the hepatic glucose production [20, 21] . Insulin will recruit GLUT-4 transporters to the muscle membrane and facilitate glucose uptake. Depending on the type of carbohydrate, the rate of ingestion and individual differences, plasma glucose and insulin concentrations peak 20-40 min after ingestion of a single bolus, whereas glucose uptake is increased as soon as insulin concentrations rise. When exercise is initiated in the presence of high insulin concentrations, muscle glucose uptake will be further increased through an independent calcium-dependent pool of GLUT-4 transporters [22] . The rapid decrease in blood glucose concentration seen in the first 15 min of exercise is the result of this rapid increase in glucose uptake that is not compensated by an increased rate of appearance of glucose. In some cases, hypoglycaemia will develop (blood glucose ! 3.5 mmol/l). However, in other cases, the glucose concentration will stay above this arbitrary threshold. The symptoms of hypoglycaemia are most likely related to a reduced delivery of glucose to the brain.
There are additional effects of carbohydrate ingestion. As more carbohydrate becomes available to the muscle, glycolysis will be stimulated [23] . This stimulation, in combination with an insulin-induced inhibition of lipolysis in both adipose tissue and muscle, results in a reduction in fat oxidation. The mechanisms of this increased carbohydrate oxidation and concomitant reduction in fat oxidation can be found in more detail in other literature [24, 25] . Initially it was thought that the increased glycogenolysis would result in premature glycogen depletion and early onset of fatigue [3] . However, the effect is transient, approximately lasting only for the first 20 min of exercise. Thus, it appears that these relatively small differences in glycogen breakdown have no significant effect on exercise performance.
Amount of Carbohydrate
A study by Short et al. [26] showed that a higher insulin concentration at the start of exercise, resulting from 75 g carbohydrate ingestion, did not further decrease blood glucose concentrations compared with the ingestion of 22 g of carbohydrate. In agreement, Sherman et al. [16] did not find significantly different blood glucose responses during exercise when subjects ingested either 78 g or 156 g of a maltodextrin and glucose mixture 60 min before exercise. Despite higher insulin concentrations at the onset of exercise following the ingestion of 156 g compared with 78 g of carbohydrate, blood glucose concentrations in both trials decreased. Similar findings were also obtained by Jentjens et al. [11] when 25, 75 or 125 g of carbohydrate was ingested 45 min prior to exercise.
Taken together, these studies suggest that the fall in blood glucose concentration during submaximal exercise (62-72% VO 2 max), following the consumption of a moderate amount of carbohydrate (75 g of carbohydrate) within the hour before exercise, cannot be prevented either by ingesting a smaller (about 22 g) or a larger (more than 155 g) amount of carbohydrate. Furthermore, there appear to be no performance differences when a smaller or a larger amount of carbohydrate is ingested prior to exercise.
Timing of Carbohydrate Intake
Very few studies have directly investigated the effect of timing of carbohydrate intake across a range of times in the immediate pre-exercise period. Moseley et al. [12] investigated the metabolic response to 75 g of glucose ingested 15, 45 or 75 min before exercise. Plasma glucose concentrations were significantly higher immediately before exercise in the 15 min pre-exercise feeding group compared with the 45 min and 75 min pre-exercise groups. Furthermore, insulin concentrations immediately before exercise were also significantly higher when carbohydrate was consumed 15 min before exercise compared with 45 min before exercise. The lowest insulin concentrations were observed when carbohydrate was ingested 75 min before exercise. Interestingly, differences in plasma glucose concentration disappeared within 10 min of exercise and no significant differences in performance were found. In addition to these findings, Pritchett et al. [27] studied the effects of a nutrient bar (20 g carbohydrate, 12 g protein and 4.5 g fat) consumed at either 15 or 60 min before exercise. Unlike Moseley et al. [12] , no sig-21 nificant differences were seen in glucose concentrations between groups. It is possible that this was the result of the volume of carbohydrate consumed and its co-ingestion with other nutrients. In accordance with Moseley et al. [12] , the timing of the ingestion of pre-exercise nutrition had no significant effect on exercise performance.
Although research has consistently found clear metabolic differences in response to the timing of pre-exercise carbohydrate ingestion within the hour before exercise, the performance effects have been somewhat equivocal. With the exception of 1 study [4] , research has either found no performance effects [6] [7] [8] [9] [10] [11] [12] [13] or a performance improvement [14] [15] [16] . Based on current research, it would appear that there is little evidence to suggest avoiding carbohydrate intake in the hour before exercise. Furthermore, the ingestion of carbohydrate during this period may lead to enhanced performance. Therefore, individual experimentation is required to find one's optimal preexercise nutrition routine.
To minimize the risks of hypoglycaemia, carbohydrate can be ingested just prior to exercise (in the last 5 min) or during the warm-up. Brouns et al. [28] gave a carbohydrate-containing beverage (sucrose, fructose, maltodextrin, or glucose) or a placebo to subjects during a warm-up. This warm-up was followed by a short break and an exercise bout. Results showed that the warm-up and final exercise led to increased catecholamine concentrations and a blunted insulin response. Data also showed that the intake of carbohydrate-containing beverages during a warm-up followed by a small break does not lead to rebound hypoglycaemia, independent of the amount of carbohydrate ingested, but instead increases blood glucose. When carbohydrate is ingested just before exercise ( ! 10 min), exercise will start before the insulin concentration has increased and therefore this timing strategy would provide the carbohydrate but minimize the risk of reactive hypoglycaemia.
Glycaemic Index
The GI is a functional tool used to categorize carbohydrates based on their blood glucose and insulin response to a known food. GI is calculated by the glucose area under the curve during approximately 2 h following ingestion of 50 g carbohydrate compared to a reference food such as glucose or white bread (GI: 100). Carbohydrates are generally categorized into either low ( ! 55), moderate (56-70) or high (70-100) GI carbohydrates [29] . A low GI carbohydrate results in a slow and gradual rise in plasma glucose and insulin whereas a high GI carbohydrate results in a rapid rise in glucose and insulin concentration to peak values, before returning to baseline relatively quickly.
The GI has been widely used by exercise scientists since its introduction in 1984 [30, 31] to understand the effects of pre-exercise carbohydrate on both metabolism and exercise performance. Studies confirmed that the ingestion of high GI carbohydrates in the hour before exercise leads to elevated plasma glucose and/or insulin concentrations compared to low GI [15, 32] or moderate GI [33, 34] carbohydrates. At the onset of exercise however, these high concentrations of plasma glucose have been shown to rapidly decrease to hypoglycaemic levels ( ! 3.5 mmol/l) within just 10-20 min. Although it is often assumed that the reduced glycaemic response of low GI foods is due to a lower rate of appearance of glucose in the circulation, it has also been suggested that this may be due to an earlier postprandial hyperinsulinaemia and an earlier increase in the rate of disappearance of glucose, which attenuated the increase in the plasma glucose concentration [35] .
Hypoglycaemia during exercise has not been observed in all individuals following the intake of high GI carbohydrates [3, 11, 19, 34, 36] . It is therefore thought that some individuals may be more susceptible to hypoglycaemia. It was originally proposed that insulin sensitivity may be a determinant of rebound hypoglycaemia [37] ; however, Jentjens et al. [11] found no relationship between one's sensitivity to insulin and the prevalence of rebound hypoglycaemia. It is therefore still to be determined which factors contribute to an individual's susceptibility to rebound hypoglycaemia.
In addition to the more pronounced glycaemic and insulinaemic responses caused by high GI carbohydrates, there is also a trend for increased carbohydrate oxidation during exercise [9, 15, 38, 39] . This occurrence is due to the increased glucose uptake and decreased plasma free fatty acids [9] . Furthermore, data have also shown that the ingestion of low GI carbohydrates 45 min before exercise increases fat oxidation during exercise compared with high GI carbohydrates [11] .
Although it is clear that the GI of a carbohydrate has significant effects on metabolism when consumed before exercise, there is little evidence to suggest that there are any performance effects. Original findings by Thomas et al. [15] suggested that ingestion of low GI carbohydrates 1 h before exercise could increase time to exhaustion (TTE) by 20 min compared to high GI carbohydrates. Since these initial findings, a multitude of studies have taken place but few have been able to reproduce these results [11, 13, 32-34, 39, 40] . Very few studies [41] have Jeukendrup 
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It is worth noting that when consumed 3 h before exercise, low GI carbohydrates do have the potential to enhance performance. Recent findings have shown significant improvements in both running TTE [42] and time trial [43] following ingestion of low GI carbohydrates compared with high GI carbohydrates consumed 3 h before exercise. In these studies, however, no further carbohydrate was ingested in the hour before exercise or during exercise. Most athletes will ingest additional carbohydrate approximately 1 h before exercise begins or may use carbohydrate during exercise and thus the practical relevance of these findings is unknown.
Solid versus Liquid
The form of carbohydrates ingested before exercise has also received attention for its potential effects on both metabolism and performance. As well as measuring exercise capacity following the consumption of liquid, semi-solid (gel) or solid forms of carbohydrate, studies have also investigated the effects of form on oxidation rates, glycogen synthesis and gastrointestinal tolerance.
The ingestion of solid food significantly slows gastric emptying, digestion and absorption rates compared with a liquid food [44] . This impacts blood glucose concentration and hence it has therefore been proposed that the intake of solid foods before exercise may be beneficial in providing a slower, more sustained release of glucose into the blood [45] . Interestingly, data from recent studies comparing ingestion of solid versus liquid carbohydrate [46] and solid versus gel carbohydrate [34] found no significant differences in blood glucose concentrations between groups. Furthermore, additional research has found no differences in either carbohydrate oxidation rates between solid versus liquid [47] or liquid versus gel [48] carbohydrate consumed during exercise. Studies that have investigated performance effects have found no significant differences following pre-exercise ingestion of solid versus liquid [49] or solid versus gel [34, 46] carbohydrates.
To summarize, there appear to be no data to suggest that one particular form of carbohydrate can enhance or reduce exercise performance over and above any other form. In addition to this, it has been shown that there is no difference in glycogen synthesis following liquid or solid carbohydrates [50, 51] . It would therefore be advisable to ingest whichever form of carbohydrate best suits the individual athlete, based on the practical issues of consumption and cost-effectiveness of the product. It must be noted that the studies discussed above use solid foods that are high in carbohydrate and low in fat, protein and fibre. It is likely that if the macronutrient composition of the food is very different from the drink that the metabolic effects will also be different.
Exercise Intensity
Exercise intensity affects both glucose uptake by the muscle and endogenous glucose production. In order to maintain plasma glucose concentration during exercise, hepatic glucose output is elevated [20] to match the increased muscle glucose uptake [52] . During higher-intensity exercise ( 1 80% VO 2 max), hepatic glucose output may exceed glucose uptake and elevated plasma glucose concentrations are often observed. This in turn could reduce the chances of developing hypoglycaemia. Most preexercise carbohydrate feeding studies have been performed at intensities eliciting 70% VO 2 max. While in some of these studies hypoglycaemia was reported [5, 53] , in other studies glucose concentration did not decrease markedly [13, 38, 54] . The results of studies where subjects were asked to exercise at higher intensities ( 1 80% VO 2 max) are also inconclusive. In some studies, glucose concentration did not change or increased [49, 55] , while others have reported a decrease in glucose concentration during the first 15 min of exercise [4, 8, 56] . These studies that investigated the glucose response during low-intensity exercise did not describe the changes in glucose concentration during the first hours of exercise [2, 57] . Based on these data, it seems fair to summarize that effects of exercise intensity on the development of hypoglycaemia are inconclusive. It is likely that there are large individual differences in the response to increasing exercise intensities and studies in the literature are difficult to compare because of the methodological issues mentioned above.
Prevalence of Hypoglycaemia and Factors Affecting It
From several studies it is clear that hypoglycaemia is highly individual, with some individuals very prone to development and others much more resistant. As dis-cussed above, factors such as the amount of carbohydrate ingested can decrease (or increase) the risk of developing hypoglycaemia. Observations from a number of studies in our lab revealed some interesting observations that have not received a lot of attention in the published literature. From these studies it appeared that some individuals are clearly more prone to develop hypoglycaemia than others. For example, in a study by Moseley et al. [12] , it was observed that when carbohydrate was ingested 75 min before exercise, 5 individuals developed hypoglycaemia, when ingested 45 min before only 3, and when ingested 15 min before only 2 ( fig. 1 ) . The 2 subjects who developed hypoglycaemia in the condition that resulted in the lowest prevalence also demonstrated hypoglycaemia in the other conditions. The subjects who developed hypoglycaemia 45 min before exercise also developed hypoglycaemia 75 min before exercise. This seems to indicate that some individuals are more prone to develop hypoglycaemia than others. As mentioned above, we also found that these individual differences could not be explained by differences in glucose tolerance as measured by an oral glucose tolerance test [11] . It is therefore still to be determined which factors contribute to an individual's susceptibility to develop hypoglycaemia.
Symptoms of Hypoglycaemia Do Not Mean Hypoglycaemia
An interesting finding of the studies in our lab was that some individuals developed symptoms of hypoglycaemia in all conditions whereas others did not develop these symptoms. Moreover, these symptoms were often reported in the absence of true hypoglycaemia. In contrast, some subjects had extremely low plasma glucose concentration but did not report any symptoms. This finding was not new. In 1979, Foster et al. [4] reported that the symptoms reported did not match the serum glucose concentrations. For example, 3 subjects reported extreme symptoms of hypoglycaemia just before stopping the ride. The blood glucose concentrations at this point were 3.7, 4.6 and 3.1 mmol/l. This means that only one of these values was low enough to be classified as hypoglycaemia. On the other hand, one subject had a blood glucose value of 2.4 mmol/l at that time point but did not display any symptoms or unusual fatigue. At present, the cause of the symptoms is still unknown but it is clearly not related to a threshold blood glucose concentration. Or if it is, this threshold may be individually determined and cannot be captured by an average value of 3.5 mmol/l.
Recommendations
Based on the currently available evidence there appears to be no reason not to consume carbohydrate before exercise as there do not seem to be any detrimental effects on performance. Individuals prone to developing reactive hypoglycaemia and/or symptoms that are often associated with it can find solutions to avoid it. These solutions could include choosing low GI carbohydrates, ingesting carbohydrate just before exercise or during a warm-up or alternatively, avoiding carbohydrate in the 90 min before exercise altogether.
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